Abstract-We present a technique for minimizing the impact of coaxial baluns on the invasiveness of coax-fed microwave ablation (MWA) antennas. The technique uses an air-filled coax section at the end of a Teflon-filled coaxial feedline. The air-filled coax section has a smaller outer-conductor diameter compared to the Teflon-filled coax section for the same inner conductor diameter and characteristic impedance. Therefore, the coaxial balun used in a typical MWA antenna can be implemented on the air-filled coax section without exceeding the outer diameter of the Teflon-filled coaxial feedline. The efficacy of this technique is demonstrated for two different MWA antennas, a choke dipole and a floating sleeve dipole. Prototypes of these antennas as well as prototypes of their unmodified versions were designed, fabricated, and used to perform ablation experiments in ex vivo porcine muscle at 7 GHz with a power level of 30 W for 5 min. Simulation and measurement results confirmed that the modified antennas had similar responses as the unmodified antennas while offering 30% smaller diameters compared to their conventional balun-equipped coax-fed MWA antennas. Specifically, the antennas exhibited good impedance matching and produced localized ablation zones with shapes and dimensions similar to those produced by the original designs.
I. INTRODUCTION

M
ICROWAVE ablation (MWA) is a promising technique for the treatment of various types of cancers in different organs in the human body, including liver, kidney, lung, and bone [1] . MWA destroys tumors by using one or more interstitial antennas to deliver cytotoxic microwave-induced thermal doses to the cancer cells. Interstitial MWA antennas should have small diameters (e.g., < 2.4 mm) to minimize the invasiveness of this therapy [1] . Additionally, they should provide a good impedance match to the source (e.g., |S 11 | < −10 dB) at the operating frequency to efficiently deliver microwave power to the tumor and reduce additional cable loss associated with standing waves on the transmission lines [1] . Finally, they should produce localized heating to avoid unwanted heating of healthy tissues along the shaft of the feeding cable [2] . Most interstitial antennas used for MWA are coax-fed and utilize some mechanism to choke the currents excited on the outer surface of the outer conductor and achieve localized heating [2] . If not suppressed, these undesired currents produce long tails of detrimental heating along the antenna shaft and make the input impedance of the antenna dependent of the insertion depth. The most common solution to choke these unwanted outer-conductor currents is to use a coaxial balun [3] - [5] . A conventional coaxial balun is implemented by encircling the feedline with a hollow conductor. The hollow conductor and the outer surface of the feedline constitute a new transmission line for the currents that flow on the outer surface of the feedline. The proximal end (toward the source) of this transmission line can be terminated with a short circuit (e.g., choke) or an open circuit (e.g., floating sleeve) to present high impedance at the distal end to suppress the outer-surface currents. By suppressing these currents, the antenna achieves localized specific absorption rate (SAR) and heating patterns and its input impedance becomes independent of the insertion depth in the tissue. The only drawback of a coaxial balun is that it increases the diameter, and therefore the invasiveness, of the antenna. Scaling down the diameter of the antenna by using smaller-diameter coaxial cables increases the ohmic losses of the cable and can cause significant unwanted heating of the feed cable along the insertion path of the antenna. Moreover, smaller coaxial cables have lower average power-handling capabilities that hinder the antenna from producing large ablation zones. Therefore, solutions that can provide a reduction in overall diameter of the MWA antenna without significantly increasing cable loss and decreasing its average power-handling capability are highly desired. Several solutions have been proposed to reduce the overall diameter of coax-fed MWA antennas [6] - [9] . In [6] and [7] , biopsy needles used to introduce the interstitial antennas to the ablation site were also used to implement coaxial chokes for the antennas. Other examples include the double-slot antenna [8] and the balun-free helical antenna [9] .
In this letter, we present a technique to reduce the overall diameter of coax-fed antennas equipped with coaxial baluns. The technique involves introducing an impedance-matched air-filled coax section at the end of the Teflon-filled coax feed. Due to the lower relative permittivity of air, the air-filled coax has a smaller diameter than the Teflon-filled coax for the same innerconductor diameter and characteristic impedance. The active portion of the antenna and the coaxial balun are constructed out of this air-filled coax section. The overall diameter of the air-filled coax section with the balun does not exceed that of the 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. Teflon-filled coax feed. The average power-handling capability of this antenna is constrained by the maximum allowable temperature of the Teflon as the cable heats during operation, and thus is not impacted by the presence of the air-filled coax section [10] . Additionally, the length of the air-filled coax section is relatively short; thus the increase in loss due to the use of a smaller diameter coax section is minimal. We built prototypes of a choke dipole (CD), based on the design in [3] , and a floating sleeve dipole (FSD), based on the design in [4] , to demonstrate the efficacy of the proposed design concept. Moreover, we conducted simulations and ablation experiments to compare the performances of these antennas to those of conventional CD and FSD antennas. The designs, simulations, experiment results, and comparison of these antennas will be discussed in Sections II and III. Each antenna is fed by a 50-Ω UT-085C semirigid coaxial cable. The outer diameters of the inner conductor, Teflon insulation layer, and outer conductor are 0.511, 1.676, and 2.197 mm, respectively. We used a brass tube with an inner and outer diameter of 1.05 and 1.50 mm to make the outer conductor for the air-filled coax section. Hollow tubes with the same inner and outer diameters as the outer conductor of the Teflon-filled coax were used to encompass the air-filled coax to construct the choke for the CD and the floating sleeve for the FSD. Both CD and FSD antennas are embedded in a Teflon catheter with an outer diameter of 2.5 mm.
The topology of the conventional CD and FSD are similar to the topology of the modified versions except that the dipoles and coaxial baluns are implemented on the same Teflon-filled coax used for their feedlines. Therefore, we use the same notations for the lengths of the feed gap (g), dipole arms (l a and l b ), and coaxial baluns (l c or l s ) for both the conventional and modified versions of each antenna type. Prototypes of the conventional CD and FSD antennas are constructed out of the same semirigid coaxial cable type used for the modified versions. Copper tubes with an inner and outer diameter of 2.5 and 3.2 mm were used to construct the choke for the conventional CD and floating sleeve for the conventional FSD. Teflon catheters with an outer diameter of 3.5 mm were used to cover the two antennas of the conventional designs. These materials and dimensions are the same as the ones used to fabricate the original FSD antenna presented in [4] . Compared to the conventional versions of the CD and FSD antennas, the diameters of the modified antennas in these implementations are 1 mm (30%) smaller.
In a previous study [5] , we demonstrated that doing ablation at a relatively high frequency (e.g., 10 GHz) allows for achieving comparable ablation zones and faster direct heating rates compared to doing ablation at a relatively low frequency (e.g., 1.9 GHz). Using higher frequencies for MWA enables antennas with shorter active lengths and more spherical heating patterns at the expense of lower average power-handling capabilities due to more severe cable heating. For this study, we chose an operating frequency of 7 GHz for the antennas in order to balance between the advantage of shorter antenna lengths and the disadvantage of higher ohmic losses.
We designed the four antennas in CST Microwave Studio to operate at 7 GHz in porcine muscle tissue. The relative permittivity ( r ) and effective conductivity (σ eff ) of pork loin at room temperature (20
• C) were measured in the frequency range from 0.5 to 10 GHz using a dielectric probe kit (Agilent 85070E) connected to a vector network analyzer (Agilent E8364A). These dielectric properties were incorporated into the electromagnetic (EM) simulations to model the tissue. At 7 GHz, the relative permittivity and effective conductivity of the tissue are 41.9 and 7.2 S/m, respectively. For designing the modified CD and FSD antennas, we first simulated the coaxial transition to verify that the air-filled coax section was impedance-matched to the Teflon-filled coax section. The transmission coefficient |S 21 | was greater than −0.1 dB over the frequency range from 0 to 10 GHz, confirming the good impedance match. Subsequently, we conducted EM simulations of the modified CD and FSD antennas based on this coaxial transition. Similar simulations were conducted for the conventional CD and FSD antennas. We optimized the dimensions of each antenna to achieve a good impedance match and localized SAR pattern at the operating frequency. These dimensions include the two dipole arm lengths l a and l b and the gap length g for each antenna, the choke length l c for each version of the CD, and the floating sleeve length l s for each version of the FSD. The optimized values for these dimensions of the four antennas are given in the caption of Fig. 2 . Finally, transient thermal simulations were conducted in CST Multiphysics Studio to predict temperature rises in the tissues for a 5-min ablation using an input power of 30 W for each antenna. Thermal conductivity (0.566 Wm −1 K −1 ) and thermal diffusivity (0.168 mm 2 s −1 ) of porcine muscle reported in [11] were used in the thermal simulations. Fig. 2(a) and (b) shows the simulated |S 11 | of the CD and FSD antennas, respectively. All antennas provide good impedance match (|S 11 | < −10 dB) to their feedlines at the desired operating frequency of 7 GHz with |S 11 | better than −20 dB. Fig. 3 shows the simulated −10 dB normalized SAR contours (gray) of the four antennas. Also, the simulated 60
• C contours (black), used to predict boundaries of ablation zones, are presented for the four antennas. The shapes of the SAR contours and predicted ablation zones of the modified CD and FSD an- tennas are similar to those of their conventional counterparts. SAR levels are reduced by 10 dB near the distal end (toward the source) of the chokes along the CD antennas and near the proximal end (toward the source) of the floating sleeves along the FSD antennas. The simulated ablation zones produced by all antennas are compact and have comparable sizes. While the maximum longitudinal dimensions (including the tails) of the four ablation zones range from 3.5 to 4.0 cm, the maximum lateral dimensions are the same and equal to 2.7 cm. Overall, all four antennas exhibit localized SAR and heating patterns, indicating the effectiveness of the coaxial baluns in suppressing the currents flowing on the outer surfaces of the feedlines.
III. ABLATION EXPERIMENTS
We fabricated one prototype of each antenna to verify their performance in ex vivo ablation experiments. Prior to conducting the ablations, we inserted each antenna into a porcine muscle sample (i.e., pork loin) and measured its input reflection coefficient using a vector network analyzer (Agilent E5071C). The |S 11 | measurement results are plotted in Fig. 2 . The measured |S 11 | for each antenna agrees quite well with the simulation results and shows a good impedance match predicted by the simulations. At the design frequency of 7 GHz, the measured |S 11 | value was −24 dB for the conventional CD, −23 dB for the modified CD, −27 dB for the conventional FSD, and −18 dB for the modified FSD. We also varied the insertion depth of each antenna in the pork loin and observed that the |S 11 | measurement was unchanged. This indicates that the baluns effectively suppressed the currents on the outer surfaces of the feedlines of the antennas.
Each ablation was conducted with a power level of 30 W, applied at the input SMA connector of the feedline of the antenna, for 5 min. The microwave signal was generated by a signal generator (HP 8350B Sweep Oscillator) connected to a high-power traveling wave tube amplifier (IFI T186-40) and introduced to the input of the antenna via a flexible coaxial cable. Reflected power, monitored at the output port of the power amplifier, never exceeded 1 W for all ablation experiments, confirming that all antennas maintained good impedance matching during the whole ablation duration.
Upon completion of each ablation, we dissected the pork loin to examine the ablation zone in a cut plane through the insertion path of the antenna. Fig. 4 shows photographs of the ablation zones produced by the four antennas. Each ablation zone was visually distinct from normal pork loin tissue (pink) as it consisted of a small region of charred tissue (dark brown/black) in the center and a coagulated zone (white). The charred regions in the ablation zones confirm the regions of strongest energy deposition surrounding the dipole arms as indicated by the simulated −10 dB SAR patterns of the antennas. We measured the dimensions of each ablation zone in terms of the maximum long-axis diameter and maximum short-axis diameter of the boundary of the coagulation zone. Those ablationzone dimensions were 4.1 × 2.7 cm 2 for the conventional CD, 4.0 × 2.8 cm 2 for the modified CD, 4.3 × 2.8 cm 2 for the conventional FSD, and 3.7 × 2.8 cm 2 for the modified FSD antenna. The maximum short-axis and long-axis diameters of the ablation zones agree well with the predicted values from the thermal simulations for all antennas. The dimensions of ablation zones of the regular and modified CD antennas are comparable to each other. The ablation zone produced by the modified FSD antenna is closer to a spherical shape than that produced by its original version. The variation in ablation zone dimensions produced by these antennas is likely due to heterogeneity of different pork loin samples. Nevertheless, all antennas achieved localized ablation zones with minimized tail heating along the shaft of the antennas, indicating the coaxial baluns work effectively on both the conventional and modified versions of both antenna types. Moreover, the modified antennas performed as well as the conventional versions in terms of ability to produce good impedance matching and localized heating while having 30% smaller overall diameters. This proves the effectiveness of the proposed design concept in reducing overall diameters of coax-fed balun-equipped MWA antennas.
IV. CONCLUSION
We presented a new strategy for reducing the overall diameter of a coax-fed interstitial antenna equipped with a coaxial balun by using a coaxial transition between a Teflon-filled coax feed and an air-filled coax section. Due to the lower relative permittivity of air compared to Teflon, the inner diameter of the outer conductor of the air-filled coax section is 30% smaller for the same characteristic impedance and inner conductor diameter. By implementing the coaxial baluns on this air-filled coax section, we achieve a reduced-diameter design relative to conventional coaxial balun implementations. Using this design concept, we developed modified choke and floating sleeve dipole antennas for operation in ex vivo porcine muscle tissue. The modified antennas were compared in simulations and ablation experiments with conventional choke and floating sleeve dipole antennas constructed out of the same type of semirigid coaxial cables. All four antennas were shown to be well matched to the feedlines and produced localized ablation zones. However, the modified antennas delivered similar ablation performance while having 30%-smaller diameters compared to the conventional antennas. The coaxial transition is not expected to negatively impact the average power-handling capability of the antenna since the average power-handling capability of the coax is limited by the maximum temperature level in the Teflon region. The proposed designs provide a practical solution for reducing the invasiveness of interstitial antennas equipped with baluns without sacrificing the MWA performance.
